The levels of histone mRNA increase 35-fold as selectively detached mitotic CHO cells progress from mitosis through G1 and into S phase. Using an exogenous gene with a histone 3' end which is not sensitive to transcriptional or half-life regulation, we show that 3' processing is regulated as cells progress from G1 to S phase. The half-life of histone mRNA is similar in G1-and S-phase cells, as measured after inhibition of transcription by actinomycin D (dactinomycin) or indirectly after stabilization by the protein synthesis inhibitor cycloheximide. Taken together, these results suggest that the change in histone mRNA levels between G1-and S-phase cells must be due to an increase in the rate of biosynthesis, a combination of changes in transcription rate and processing efficiency. In G2 phase, there is a rapid 35-fold decrease in the histone mRNA concentration which our results suggest is due primarily to an altered stability of histone mRNA. These results are consistent with a model for cell cycle regulation of histone mRNA levels in which the effects on both RNA 3' processing and transcription, rather than alterations in mRNA stability, are the major mechanisms by which low histone mRNA levels are maintained during G1.
Histone proteins are synthesized coordinately with DNA, and changes in histone protein synthesis are mediated by rapid changes in histone mRNA concentration (10, 13, 32 ). There are two major groups of histone genes: (i) those coding for the cell cycle-regulated, replication-dependent histones and (ii) the constitutively expressed replacement variant histones (39, 40) . The replication-dependent histone genes lack intervening sequences, and the mRNAs end in a 3' stem-loop structure which is formed by an endonucleolytic cleavage (9, 22) . The replacement variant histone H3.3 gene contains intervening sequences, and the mRNA ends in a 3' poly(A) sequence (6, 38) .
Detailed studies of the changes in histone mRNA metabolism during the cell cycle have largely been conducted in cells synchronized by using inhibitors of DNA synthesis (13, 26) , serum starvation (8) , or temperature-sensitive mutants (2, 3, 18, 19, 33) . Although in one study centrifugal elutriation (1) was used to avoid the effects of drug-induced synchrony, the lack of complete synchronization did not allow precise measurement of the changes in histone mRNA levels during the cell cycle. These studies all showed that the rate of histone gene transcription varied only three-to fivefold during the cell cycle, indicating that much of the regulation must be posttranscriptional.
Posttranscriptional regulation at two steps, mRNA degradation and 3' processing of pre-mRNA, has been implicated in control of histone mRNA levels in a number of studies. The levels of replication-dependent histone mRNAs decrease rapidly upon inhibition of DNA synthesis as a result indomethacin (34) . We report here the changes in histone mRNA levels that occur during the CHO cell cycle, using cells synchronized by selective detachment of mitotic cells.
Our results indicate that quantitative changes in RNA 3 ' processing, but not mRNA stability, play an important role during the progression of cells from G, to S phase, whereas the rapid decrease in histone mRNA levels during G2 phase is primarily due to reduced mRNA stability.
MATERIALS AND METHODS
Selection and culture of cells. CHO cells were grown and selected in McCoy's 5a medium supplemented with 5% calf bovine serum (Hyclone). Cells were selected essentially by the method of Terasima and Tolmach (36) as modified by Schneiderman et al. (27, 28) , using a semiautomated shaker apparatus. Selected mitotic cells were pooled on ice for no longer than 4 h for each experiment. Cooled cells grew and entered S phase exactly as did cells that were plated immediately after selection. These cells also had identical changes in histone mRNA concentrations. Mitotic cells were plated in temperature-and pH-adjusted medium at a density of 106 cells per 25-cm2 flask for RNA analysis. Mitotic indices were determined by scoring a minimum of 300 cells from preparations of pooled cells (27) . The mitotic indices were greater than 97% for all experiments, and fewer than 0.5% of the CELL CYCLE REGULATION OF HISTONE mRNA 2417 cells were synthesizing DNA 1 h after plating. In some experiments, cells were continuously treated with 5 ,ug of cycloheximide (CHM) per ml prior to selection.
Mitotic cells used to monitor the position of the synchronous cells in the cell cycle were grown on coverslips at the same density as the cells used for RNA analysis. They were pulse-labeled for 15 min (starting at the times indicated in the figure legends) in medium containing 222 kBq of [125] iododeoxyuridine. After labeling, the cells were washed three times with Hanks balanced salt solution and fixed in methanol. The cells were coated with NTB2 autoradiographic emulsion and exposed up to 10 days. The labeling index was generated after scoring of a minimum of 300 cells at each time.
Analysis of mRNA content. Total cell RNA was prepared, and histone mRNA levels were analyzed by using a quantitative Si nuclease assay as described previously (12, 32) . To assay the H3.2 mRNA levels, the H3-614 gene was labeled at the 3' end of the SalI site at codon 58 of the H3 gene. To assay the H3.3 mRNA levels, the H3.3-921 gene was 5' labeled at the BglII site at codon 85 of the gene (37) . To assay the U5H mRNA and the endogenous hamster H2a mRNA, the H2a gene was labeled at the 3' end of the AvaI site at codon 20 or the 5' end of the NarI site at codon 43. The two transcripts from plasmid pgptCX/-230+118 were analyzed by using a riboprobe protection assay (see Fig. 4A ). Conditions were as previously described (12) . The amount of Ul RNA was also assayed by using a riboprobe protection assay which detects both Ulb and Ula small nuclear RNAs (snRNAs) (17) .
Introduction of exogenous genes into CHO cells. The pgptCX/-230+118 gene described by Stauber et al. (33, 34) was introduced into CHO cells by transfection, using the Polybrene method of Chaney et al. (7) as described previously (16) . Stable transformants were selected for resistance to mycophenolic acid as previously described (23) . The intact histone H2a-614 gene and the U5H gene were introduced into CHO cells by using Polybrene (7) together with the plasmid pSV2neo, which confers resistance to G418. Stable transformants were selected for resistance to G418 as previously described (16) . The U5H gene contains the mouse Ulb snRNA promoter (20, 21) and the first 5 nucleotides (nt) of the Ul snRNA joined to the 5' untranslated region of the histone H2a-614 gene (12, 14) . This gene encodes a normal histone H2a mRNA and protein and has been described previously (25) . (29) . Note that as the cells progress their level of synchrony decreases. The length of G1 varied between 3 and 4.5 h among the experiments. It took 3 to 5 h from the time the first cells entered S phase until >95% of the cells were in S phase (see Fig. 2 ). Desynchronization is such that by 10 to 11 h the cells were distributed from late S through G1 (31) .
RESULTS

Levels
To determine the amount of histone H3. (Fig. 3) . The (16) were synchronized by mitotic shake-off. Equal numbers of cells were collected at the indicated times after mitotic shake-off, total cell RNA was prepared, and the amounts of H2a-614 and endogenous hamster H2a mRNAs were measured by Si nuclease mapping. The probe used was the H2a-614 gene labeled at the 3' end of the AvaI site at codon 20. This probe protects the entire mouse H2a-614 mRNA (H2aM) and the endogenous hamster H2a mRNAs up to the termination codon (H2aH). Numbers below the lanes indicate the time after plating that the cells were harvested.
Hrs. polyadenylation site, as previously described (12, 32 (Fig. 4) . When the intact mouse H2a-614 gene is transfected into CHO cells, there is a 35-fold increase in histone mRNA between G1 and S phases exactly paralleling the increase in the endogenous hamster H2a mRNAs (see Fig. 3 ). The 3.5-fold difference in accumulation we interpret as the contribution of the increase in transcription rate to the increase in histone mRNA levels between G1 and S phases. Thus, there remains about a 10-fold effect which is posttranscriptional. (34) , as predicted from our previous results on the regulation of histone mRNA half-life (11) . Proper regulation of histone mRNA degradation requires that the termination codon be within 200 nt of the 3' end of the mRNA (11) . Thus, expression of the short histonelike RNA encoded by pgptCX/-230+ 118 can be taken as an indicator of regulation at the level of histone RNA 3' processing (34) .
Figure 5B shows the results of an experiment using mitotically selected cells transfected with the pgptCX/ Fig. SB) , with a greater decrease in the histone 3' end, probably reflecting the down-regulation of histone 3' end formation in G2 (see Discussion).
The change in endogenous histone H3 mRNA levels in the same cells is shown in Fig. 5C . These changes are similar to the changes seen in Fig. 1 , with a small increase in G1 phase (2-h time point) and a much larger increase as cells enter S phase. The magnitude of the increase in the endogenous histone mRNA is much greater than that of the transfected pgptCX/-230+118 gene, due both to the additional regulation of transcription and to the relatively high levels of the pgptCX/-230+118 transcripts present in the mitotic cells. As an internal control, the levels of Ul snRNA in the same cells are shown in Fig. 5D ; the amounts of both Ula and Ulb snRNA remained constant (as a proportion of total RNA). that inhibiting protein synthesis stabilizes histone mRNA. Thus, if histone mRNA is being rapidly synthesized but also rapidly degraded in the cytoplasm, inhibiting protein synthesis would result in large increase (four-to fivefold) in histone mRNA levels (10, 35) . Figure 6A shows the effect of treating cells in G1-phase (1.5 h after shake-off; lanes 1, 3, and 4) or S phase (7 h after shake-off; lanes 5 and 7) with dactinomycin for 30 or 60 min. In G1-phase cells, histone mRNA levels decreased by about 40% in 30 min (Fig. 6A, lane 2) end of S phase and mitosis requires that the half-life of S1 nuclease mapping as described in the histone mRNA be less than 18 i.e., *epresent separate experiments. In the considerably shorter than the half-life in G1 and S phases. It be cells entered S phase slightly later than was impossible to measure the histone mRNA levels directly accounting for the relatively low level of during G2 because desynchronization is such that by 10 to 11 4.5 h after plating.
h the cells were distributed from late S phase to G1 phase, making it impossible to obtain a pure population of G2 cells by plating mitotic cells (31) . However, by combining mitotic cell selection with CHM treatment, it is possible to obtain eatment with dactinomycin for 1 h mitotic cells which contain mRNAs stabilized while the cells the histone mRNA is not extremely are in G2 (29, 30) . CHM prevents cells which have not lls.
progressed past a transition point located an average of 70 imate the half-life of histone mRNA min before division (40 to 50 min into G2) from reaching lls and to investigate the role that mitosis. Cells which have passed this transition point enter mRNA might play in depressing the mitosis at the normal rate (29) . After treatment with CHM, age in G1, we treated synchronous 10 shakes were collected at 10-min intervals and pooled into us times during G1 and S phases and two groups. The first group contained shakes 1 to 5, and the n amount of histone mRNA (Fig. 6B) .
second group contained shakes 6 to 10. The histone mRNA in histone mRNA levels during both content in these two groups reflects the amount of histone sult of CHM treatment for 1 h was 25 mRNA in the cells at the time of CHM addition when the onsistent with a half-life of about 45 cells were in mitosis and G2, respectively. The strategy for A stabilizes histone mRNA equally in obtaining these cells is described below and in the legend to cycle. A similar increase in histone Fig. 7 . ;erved in exponentially grown cells
The G2-CHM transition point (TPCHM) is located 70 min 1 h (not shown). The results were before division (28) . During selection, after exposure to netry (Table 2) . Because blocking CHM, only those cells that have progressed past the TPCHM ult in a multifold increase in mRNA can progress into mitosis and be selected. Cells selected IM has little effect on histone gene during the 50 min immediately after CHM addition were entially growing cells (10, 35) , the considered to be in M phase at the time of CHM treatment )%) increase in histone mRNA levels because mitosis is 42 min long. They are referred to as standard. There was six times more H3.2 mRNA in the late-G2-phase cells than in the M-phase cells (Fig. 7B) . As expected, these late-G2-phase cells contained about six times less histone mRNA than was found in S-phase cells (not shown, but this follows from the 35-fold change between mitotic and S-phase cells). The M-phase cells selected in the presence of CHM had the same amount of histone mRNA as M-phase cells selected without CHM (not shown), indicating that the levels of histone mRNA were at a minimum before the cells entered mitosis. Holding the mitotic cells in CHM for an additional 2 h (so that they were exposed to CHM for as long as any G2 cell was exposed to CHM) resulted in a less than twofold increase in histone mRNA levels (data not shown). Thus, in G2-phase cells, treatment with CHM until DIv.
they enter mitosis results in sixfold-higher histone mRNA 372 levels than in normal mitotic cells. This is in contrast to 0 G1-phase cells, in which there was a small increase of 25 to 40% in histone mRNA levels. This result strongly suggests that the half-life of histone mRNA in G2-phase cells is very short (less than 17 min; see Discussion) and that the half-life in G, phase is much longer. M-phase cells in Fig. 7B . Cells selected 60 to 100 min after CHM addition were considered to be late-G2-phase cells at the time of treatment. These cells are referred to as G2 cells in Fig. 7B . They are cells that have progressed into M phase but contain H3.2 mRNA which was stabilized when the cells were in G2 phase. Cells which were in S phase or early G2 phase at the time of treatment were blocked from entering mitosis by CHM (29) . Both the mitotic and G2-phase cells were analyzed for H3.3 and H3.2 mRNA content. The average cell cycle age of these two populations differed by about 25 min.
To maintain uniformity, total cell RNA was extracted from approximately the same number of cells in both groups. In addition, the H3.3 mRNA level was used as an internal
DISCUSSION
The steady-state level of an mRNA is a function of the rate of synthesis and the rate of degradation. Synthesis of functional cytoplasmic mRNA includes transcription, processing, and transport. During the cell cycle, histone mRNA concentrations are altered rapidly at two different times. First, as cells enter S phase there is a large (35-fold) increase; second, between S phase and mitosis there is a large (35-fold) decrease in histone mRNA. Several studies using cells synchronized by various methods or cells treated with inhibitors of DNA synthesis have determined that the rate of transcription of histone mRNA is reduced by a factor of only 3 to 5 in cells not synthesizing DNA (3, 8, 13, 19, 32) . These include resting fibroblasts (8) and temperature-sensitive cells arrested in G1 (19) , in which histone mRNA content is less than 2% of the S-phase level (8, 19) . Similarly, a number of studies have shown that the half-life of histone mRNA is reduced when S-phase cells are treated with inhibitors of DNA synthesis. This reduction in the histone half-life requires that the mRNA is being actively translated (11) , and hence degradation is prevented by inhibitors of protein synthesis (4, 35) . Schumperli and co-workers have recently shown that histone mRNA 3' end formation is inefficient in a temperature-sensitive mutant arrested in G1 (18) and in cells synchronized by serum starvation (34) . This finding suggests that 3' end formation is a regulatory step which is normally important in cell cycle regulation (18, 34) .
The results reported here indicate that all of these different steps in histone mRNA metabolism are important in the cell cycle regulation of histone mRNA in CHO cells: (i) changes in histone mRNA stability, important in regulating the level of histone mRNA between the end of S phase and mitosis; (ii) RNA 3' end formation, important in G1 phase; and (iii) the relatively small (three-to fourfold) change in transcription rate. We were not able to obtain enough synchronous cells to directly measure transcription rates or 3' processing efficiency.
Change in histone mRNA levels from G1 to S phase. The results shown in Fig. 3 to 5 strongly suggest that the increase in histone mRNA levels between G1 and S phases is due to a small increase (three-to fivefold) in the rate of transcription and a larger increase (six-to eightfold) in the efficiency (34) , the eightfold change in the relative abundance of this transcript represents the contribution of regulation of 3' end formation. Since it takes a significant amount of time for the relatively stable transcripts from this gene to decay at the end of S phase, maximal differences in the ratio of the polyadenylated and nonpolyadenylated transcripts are observed in Gl-phase cells rather than in mitotic cells (Table 1) .
These results are consistent with differences in histone mRNA half-life not being important between G1 and S phases. We estimated the half-life of histone mRNA in two ways during G1-and S-phase cells, and the two estimates gave similar results. Blocking transcription with dactinomycin allowed us to estimate the relative half-life of histone mRNA in G1-and S-phase cells (Fig. 5A) , and the half-lives of histone mRNA were similar in G1 and S phases. We also indirectly measured the half-life of histone mRNA in CHO cells by taking advantage of the fact that CHM stabilizes histone mRNA (35) . The extent of increase in histone mRNA content after CHM treatment will depend on the half-life of histone mRNA. For example, if the half-life of histone mRNA is much less than 1 h, treatment with CHM for 1 h results in a large and rapid increase in histone mRNA levels (10, 35) . However, if the half-life of histone mRNA is about 1 h, treatment with CHM will result in a much smaller increase in histone mRNA levels. In agreement with these predictions, we have reported (10) that histone mRNA levels were rapidly increased by CHM treatment of cells that had histone mRNA levels reduced by inhibitors of DNA synthesis (as a result of the short half-life of histone mRNA under these conditions). With this approach, it is clear that the stability of H3.2 mRNA is about the same in both G1-and S-phase CHO cells ( Fig. 6B ; Table 2 ). The small increase in histone mRNA after 1 h of CHM treatment is consistent with a histone mRNA half-life of about 1 h.
In conclusion, the 3-to 4-fold change in transcription rates between G1 and S phases coupled with the 6-to 8-fold change in 3' end formation can account for most, if not all, of the observed 35-fold change in histone mRNA levels. In contrast, the half-life of histone mRNA, which is dramatically reduced during G2 phase (see below), is apparently the same in G1 and S phases.
Changes in histone mRNA levels from S phase to mitosis. In the 90 min between the end of S phase and the selection of mitotic cells, the amount of histone mRNA drops 35-fold. 
